It is well known that glycemic control over time reduces microvascular and macrovascular complications in human subjects with type 2 diabetes. In addition, preclinical models of type 2 diabetes have demonstrated that long-term hyperglycemia exacerbates insulin resistance and reduces b cell function; therefore, therapies that reduce blood glucose levels are of great interest in not only controlling complications, but for restoring known defects in the pathogenesis of type 2 diabetes. Pharmacological inhibition of the sodium-glucose cotransporter 2 (SGLT2) reduces plasma glucose by limiting glucose absorption in the kidney and increasing glucose excretion in the urine. In this issue of the JCI, Merovci and colleagues and Ferrannini and colleagues independently report a paradoxical increase in endogenous glucose production in patients with type 2 diabetes following SGLT2 inhibition, despite an overall decrease in fasting plasma glucose. Together, these studies provide a unique insight into the effects of SGLT2 inhibition on whole body metabolism.
Pharmacological control of hyperglycemia
The natural history of type 2 diabetes (T2D) is characterized by a progressive decline in insulin secretion, development of insulin resistance, and increased hepatic glucose production. Based on these observations, it is generally accepted that after an initial period of lifestyle management and monotherapy (usually metformin), a combination of therapies designed to address T2D-associated pathophysiology will be required to effectively manage hyperglycemia over time (1) . Currently, clinicians can chose from a large number of agents (e.g., sulfonylureas, thiazolidinediones, incretin therapies, and exogenous insulin) that each have a unique mechanism of action, which makes each an appropriate add-on to the metformin background therapy (1) . Although all of these agents are considered to provide efficacy on glycemic control, many of them produce adverse side effects that ultimately dictate their use. Thus, there is clearly a need for pharmacotherapy that can improve glycemia yet have a beneficial effect on unmet clinical needs, including weight gain and hypoglycemia. In this regard, there has been great interest in the sodium-glucose cotransporter 2 (SGLT2), because pharmacologic inhibition of this glucose cotransporter offers an attractive approach to modulate carbohydrate metabolism (2) . Specifically, prior studies on SGLT2 inhibitors revealed that these agents lower the renal threshold for glucose and reduce glucose absorption in the kidney, resulting in increased urinary glucose excretion, decreased plasma glucose and glycated hemoglobin (A1c) levels, mild osmotic diuresis, and a favorable effect on weight (2-5). In essence, SGLT2 inhibition and associated net reduction in renal glucose reabsorption have provided a new insulin-independent approach for treatment of T2D. To date, there are a number of SGLT2 inhibitors available currently or in development. Despite substantial clinical data on the effects of these inhibitors on glycemic control and other clinical parameters, there is a paucity of data in humans that comprehensively evaluates the whole body metabolic adaptation to pharmacologic inhibition of the renal SGLT2 cotransporter. In this issue of the JCI, results are presented from two elegantly conducted metabolic studies in individuals with T2D that evaluated the SGLT2 inhibitors, dapagliflozin and empagliflozin (6, 7) . Both studies were well designed, used sophisticated metabolic techniques, evaluated subjects with T2D, involved both acute and longer-term evaluation (two-and four-week observations), and evaluated whole body insulin sensitivity and endogenous hepatic glucose production in response to SGLT2 inhibition. Although it appears that the primary aims and study approaches differed, it is interesting to note that both trials confirmed a surprising finding: SGLT2 inhibition elicits a paradoxical rise in endogenous glucose production (EGP), despite lowering fasting glucose.
Testing the glucotoxicity hypothesis in patients with T2D
In the study by Merovci et al. (6) , the primary goal was to evaluate the impact of hyperglycemia and its reduction by SGLT2 Differences were reported on the magnitude of EGP increases between the studies and for adequate compensation. For example, Merovci et al. (6) suggested that the increase in EGP occurring on a daily basis may not offset the increase in daily glucose excretion. Specifically, Merovci and colleagues reported that the amount of glucose appearing in the circulation on day 3 was approximately half of the amount of glucose observed in the urine following SGLT2 inhibition. On the other hand, Ferrannini et al. (7) suggested that the rise in EGP associated with a single dose of SGLT2 inhibitor exactly balanced the glucose lost through the urine over a three-hour period. Both studies investigated possible contributing mechanisms and suggested that SGLT2 inhibition promotes an increase in plasma glucagon, a decrease in plasma insulin, and an increase in the glucagon/insulin ratio, resulting in increased hepatic glucose production.
Relevance and future directions
What do the current studies by Ferrannini et al. and Merovci et al. contribute to the literature and clinical medicine? First and foremost, these studies provide a better appreciation of the independent effects of glucose on peripheral insulin action. Interestingly, the classic preclinical study on glucotoxicity and insulin action that served as a rationale for the current human evaluation was reported in the JCI over 25 years ago by members of the Merovci et al. group (10) . It is clear that in addition to long-term reduction in diabetic complications from glycemic control, acute correction of hyperglycemia has substantial metabolic effects. Second, the information that SGLT2 inhibition increases EGP despite reducing fasting glucose is interesting not only from a physiologic perspective, which considers metabolic response to enhanced glycosuria, but also from a clinical perspective. Should the mechanism underlying the SGLT2 inhibition-associated increase in EGP be validated, Merovci et al. proposed an interesting approach to clinical treatment (6) . Specifically, Merovci and colleagues suggest that a combination of SGLT2 inhibition with incretin therapies, which are anticipated to attenuate the increase in EGP, would provide synergism for treatment of hyperglycemia.
In summary, the studies by Merovci et al. and Ferrannini et al. are examples of classic, in-depth human metabolic research and provide important contributions to sitivity and an estimated insulin sensitivity that was significantly increased during the acute study and "was at least maintained as compared to baseline" in the chronic study (7). Ferrannini and colleagues provided much more detail regarding the components of total glucose disposal, as they also assessed substrate utilization. The results of their chronic study may be of great clinical interest, as these patients exhibited a larger decrement in tissue glucose disposal, which was reflected not only by a decrease in nonoxidative glucose disposal, but by decreased glucose oxidation as well. Lipid oxidation was increased in these patients to match the decrease in glucose oxidation, thereby maintaining energy balance. Chronic treatment with the SGLT2 inhibitor clearly appeared to shift substrate utilization from carbohydrate to lipids. The combined observations that inhibition of SGLT2 did not result in a reduced rate of energy expenditure and that weight loss in clinical trials has been less than predicted provide support for the suggestion made by Ferrannini et al. that the agent may potentially increase dietary intake. This is an intriguing hypothesis; however, at this time, it will need to be specifically validated with techniques and procedures that can accurately assess the effects of SGLT2 inhibition on lipid and glucose utilization.
The paradox
Strikingly, both the study by Merovci et al. and the study by Ferrannini et al. revealed that despite a clinical reduction in fasting hyperglycemia following SGLT2 inhibition, EGP apparently increased with use of these agents. Given that fasting glucose was significantly lowered with dapagliflozin and empagliflozin, and given the close relationship between EGP and fasting plasma glucose, it would be expected that SGLT2 inhibition would decrease EGP (9) . The observation that neither dapagliflozin nor empagliflozin reduced EGP despite the lowering of blood glucose is clearly a surprising finding that would be considered a paradoxical response. Given the careful attention to study design and use of the precise metabolic techniques, this finding is clearly supported and confirmed by the results of both Merovici and colleagues and Ferrannini and colleagues. The fact that each study evaluated a different SGLT2 inhibitor indicates that increased EGP can be ascribed to SGLT2 inhibition per se and representative of the SGLT2 inhibitor class, rather than to a specific effect of any particular agent. inhibition on whole body insulin action. In preclinical models, hyperglycemia exacerbates two core defects of T2D, insulin resistance and decreased β cell function (8); however, this "glucotoxicity hypothesis" has not been adequately demonstrated in humans, given the possible confounders associated with the method of glucose lowering used in prior studies. Thus, Merovci and colleagues set out to determine whether the glucotoxicity hypothesis was operative in humans and provided a welldescribed and justified rationale for using a SGLT2 inhibitor to lower plasma glucose concentration and assessed its effect on insulin action, without altering other metabolic processes. Using the hyperinsulinemic euglycemic clamp technique, which is the gold standard for assessing insulin action, Merovci et al. clearly demonstrated that the SGLT2 inhibitor dapagliflozin induces glycosuria, lowers fasting plasma glucose, and substantially increases insulin action after two weeks compared with placebo. After accounting for urinary glucose loss, whole body glucose disposal remained significantly elevated in patients taking the SGLT2 inhibitor. The demonstration that the insulin action impairment in hyperglycemic patients can be reversed by improvements in glycemia, as a result of dapagliflozin-induced glucosuria, supports operation of the glucotoxicity hypothesis in humans. Interestingly, Merovci and colleagues evaluated EGP following dapagliflozin or placebo and paradoxically reported that EGP actually increases with SGLT2 inhibition.
Evaluation of SGLT2 inhibitors in patients with T2D
In a related study in this issue of the JCI, Ferrannini et al. (7) 
SMN-targeted therapeutics: the hope and the hype
Spinal muscular atrophy (SMA) is an autosomal recessive disorder characterized by motor neuron loss in the spinal cord and brainstem. Progressive muscular weakness and atrophy typically emerge in infancy or early childhood after a variable period of normal development. Deficiency in survival motoneuron (SMN) is associated with SMA. In humans and bonobos, a unique inverted duplication on chromosome 5 encompasses SMN1 and its nearly identical homolog, SMN2; however, lower vertebrates, including mice, lack SMN2. Deletion and/or mutation of SMN1 is disease causing, and a translationally silent nucleotide substitution in SMN2 results in a truncated, less stable protein. Historically, low SMN was thought to selectively target motor neurons; however, emerging data from SMA mouse models indicate that low levels of SMN affect many tissues, including components of the neuromuscular circuitry, and skeletal muscle (1) . In addition to obvious defects in neuromuscular junction (NMJ) maturation, decreased SMN results in early abnormalities in synaptic input from muscle fibers to motor neurons within the spinal cord (2, 3) . Both SMA mouse models and severely affected human infants exhibit abnormalities in myofiber maturation, muscle size, and muscle function (4) (5) (6) . Furthermore, there is evidence that SMN-intrinsic defects in Schwann cells promote SMA pathogenesis, and peripheral nerve myelination is abnormal in severely affected infants (7) . In humans lacking SMN production from SMN1, SMN2 phenotypically modifies
